DESPITE exten-sive studies of the velocity of the arterial pulse wave, relatively little practical use has been made of this expression of the functional status of the cardio-vasecLlar system. It has lobug been recognized that the velocity of a pulse wave through a fluid-filled tube is, in part, a funetion of the distensibility of the wall of the tube. Investigations of the relationships between pulse-wave velocity, pressure, tension, distensibility, and tube volume have been made by Bramwell, Downing, and Hill' on segments of excised carotid artery and by Hamilton, Remington, and Dow2 on mercuryfilled Gooch tubing and on the aorta of cadavers. Factors that have been shown to affect the velocity of the pulse wave through the arterial tree are (a) degree of contraction of the smooth musele of the vessel,3 (b) arterial wall elastieity,4' 5 (e) intra-arterial diastolic pressure,4 (d) wall thickness,4-6 (e) vessel tortuosity,6' 7 (f) diastolic diameter of the vessel,5 (g) blood density,5 and (h) blood flow velocity.5 In normotensive subjects, variations in the velocity of the propagation of the pulse wave are due almost entirely to elasticity alterations.
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The theoretic implication that the transmission of the pulse wave is altered in diffuse atherosclerosis has been corroborated in studies carried out in huiman subjects. [8] [9] [10] In a recent study, Simonson and Nakagawa" observed that individuals with elinically evident coronary artery disease had higher values of pulse wave velocity than healthy From subjects, and they also stressed the value of measurements of the pulse wave -velocitv as indicators of diffuse atherosclerosis.
The large incidence of premature vascular deegeneration in diabetes has been well docunmented. Atheroselerosis has been reported as the cause of death in more than 50 per cent of the fatalities in diabetic subj ects.12 Furthermore, the reported incidenee of vascular complications in diabetes appears to be progressively inereasing.'3 It would seem pertinent, therefore, to study whether the propagation of the pulse wave is altered in inidividuals with diabetes mnellitus and, if so, to deternmiine whether this alteration is due to atherosclerotic changes in the structure of the arterial wall.
Materials and Methods
The pulse wave velocity. was measured in 52 diabetic personis and the results were conmpared to those obtained in a group of 87 healthv individuals. The miiethod of study was identical for all the subjects.
The pulse wave veloeity was mneasured fromnl simiiultaneous tracings of the arterial pulse detected in two points of the cardiovaseular systeml.
The transducer used to record the pressure pulse w'as a piezoelectric crystal microphone of hihli efficiency and high frequency response.'4 The value of the piezoelectric erystal microphone for recording the pressure pulse was recognized in 1941 by Miller and White,15 but they used a plneumiatic coupling between the cup applied to the pulsating, area and the microphone. This coupling was the cause of a snmall timie lag between the occurrence of the pulse wave and its reegistration. The crystal pick-up that we used for this studv was applied directly to the skin over the vessel, thereby eliminating any time lag and the low efficieney of a pneumaatic coupling.
One pressure pulse pick-up was applied to the wrist and held in position with an elastic bracelet. The second pick-up was held by the operator over the carotid vessel near the site of the bifurcation. Thus, sinmultaneous tracings of the pressure 533 pulse at the right radial and at the right carotid arteries could be obtained. All recordings were nade with a Sanborn Twin-Viso direct-writing instrumnent. The speed of the recording paper was 10 cm. per second.
In all the subjects the measurements were made between 2 and 5 p.m., at least 2 hours after miieals, with the subject at a resting state (but not basal), in the supine position, and at the resting expiratory level. Alterations in pulse wave velocity due to extraneous factors'6-18 were muinimized by observance of the above conditions. The arterial blood pressure was obtained by the auscultatorv method in the right arm with the subject in the supine position before and after the recording of the pressure pulses.
In order to calculate the velocity of the propagation of the pressure pulse wave, it was necessary to muake an accurate measurement of the length of the segment of the arterial tree where the pulse wave was recorded. This distance could not be nmeasured directly, but it was computed as the difference between two separate measurements. The first masurement was the distance from the proximal tip of the right clavicle (the usual point of bifurcation of the innominate artery) to the point where the transducer was applied over the right carotid artery. This distance was measured along the right side of t.he neck which was slightlv extended. The second measurement was that of the distance from the proximal tip of the right clavicle to the place where the transducer was applied at the stvloid process of the radius. This distance was measured along the course of the brachial and radial arteries with the arm extended and the shoulder abducted 90 degrees. Bazett and Dreyer8 correlated measuremiients calculated in this fashion in the intact cadaver with aetual measurements of the distance betweeii two points of the arterial tree after dissection. The error between the two mleasurements was of the order of 1 cm. or less.
The time of arrival of the pulse wave at the point of recording was tak-en as the intercept of the diastolic portion of the pressure pulse wave and the ascending limub produced by the rapid ejectioni of blood froom the ventr-icle. The intercept could always be clearly defined, and errors introduced in attempting to determnine the transition of the presystolic ejection phase to the phase of rapid ejection were thus avoided. Differences in timiie of onset of the carotid and radial pulses in the best five cyeles of each record were read to the nearest 0.002 second and averaged. The mnean velocity of the pulse wave in this portion of the arterial tree was then calculated by the formula, V-L/T (V=velocity in meters per second; L=length of the vessels in mleters; (and T=time of transmnission of the p-ulse wave in seconds). The standard error of the measuremeat,19 calculated from two consecutive determinations in 10 healthy subjects was 0.06s meter per second.
The pulse wave velocity was determined by this method in 44 male and in ei,rbt femnale diabetic subjects ranging in age from 5 to 75 years. The adult patients were hospitalized at the Houston Veterans Administration Hospital. The children were staying in a summer camp of the Houston Area Diabetes Association. All these patients were taking either oral hypoglyeemic agents or insulin, but thev did not receive other drugs known to affect the cardiovascular system. None exhibited any evidence of arteriosclerosis or hypertension by clinical history and phvsical examination. The duration of diabetes in these subjects as determined from the clinical history varied from 1 month to 42 years. Eighty-seven healthy individuals, 73 males and 14 females, ranging in age from 4 to 56 years were examined by the same technic as a control group. The majority of these subjects were staff physicians or emplovees of the Texas Institute for Rehabilitation and Researeh and medical students of Baylor University College of Medicine. There was no evidence of hvpertension or diabetes in these subjects on the basis of history. or recent physical examinations.
Results
The statistical data pertaining to the pulse wave velocity and the blood pressure of the 87 healthy subjects are presented in table 1.* Table 2 indicates the data oni pulse wave velocity anid blood pressure obtained in the 32 diabetic subjects. The duration of the illness in each age group is also listed. In each patient a calculation was made of the ratio between the observed pulse wave velocitv anid the mnean value obtained in the healthv subjects of the same age group (Q =A1)"VT) The mean of the ratios between observed and predicted values in the different age groups of the diabetic patients are also presented in Table 1 values for the differences between the mean pulse wave velocities of the diabetic patients and the healthy subjects are indicated in the table. There was no significant correlation (r = 0.07) between the duration of diabetes and the degree of increase in pulse wave velocity (as determined by Q). When the individual values of pulse wave velocity were correlated with the duration of illness a higher, but not significant negative correlation was obtained (r =-0.41). The coefficient of correlation between pulse wave velocity and the systolic blood pressure was 0.45 for the healthy subjects and 0.28 for the diabetic persons. The correlation coefficients for diastolic blood pressure and pulse wave velocity in the healthy and diabetic groups were 0.46 and 0.40, respectively.
Discussion The Pulse Wave Velocity in Healthy Subjects
The values of pulse wave velocity in healthy subjects have been established by several workers3' 8, 20 who utilized technics similar to the one we used in this study. Hallock in 1934 studied the pulse wave velocity in the radial artery and in the aorta in 591 subjects. 20 The values that he reported for the radial pulse wave velocity are similar to those of this study, but the mean values of all our groups are consistently higher than those of Hallock's study. This is most manifest in the younger age groups. A test of significance of this discrepancy is precluded because of the unavailability of Circulation, Volume XXV, March 1962 the individual values for each one of the subjects in Hallock's study.
A significant increase of the pulse wave velocity with age was found in the studies of Hallock20 and Bramwell.3 Bramwell reported, however, that the rate of increase in pulse wave velocity was smaller in the higher age groups. This is in contradiction with the values reported by Hallock and it is probably an invalid conclusion, since the size of the sample of Bramwell's study in the older individuals is smaller than that of Hallock. Our sample beyond the age of 50 is also very small and for this reason we could not obtain statistical values beyond this age. However, from the linear regression equation obtained with the values on healthy subjects below 50 we were able to predict the values for subjects beyond 50 years of age ( fig. 1 ). Our predicted values are in complete agreement with those observed by Hallock in subjects of comparable ages. The slope of the regression equation reflects the increase in pulse wave velocity that is expected when the arteries become less distensible due to structural changes that take place with age.
The Pulse Wave Velocity in Diabetic Subjects
The pulse wave velocity of the diabetic subjects was higher than that of the healthy subjects in all but one age group. This is reflected in the value of the ratio between the observed pulse wave velocity in diabetic subjects and that predicted for the corresponding decade of age (Q). The mean value of this ratio in all but onie of the age groupps was greater thani onie. The elevationi was statistically significant at the level indicated in each of the groups. It is possible that the arteries of the diabetic subjects were niore tortuous tlhani those of the healthy subje(cts, in which case the inc;reased values of pulse wvave velocityin this stuidy would take on oreater significance, since tortuiositv slows the actual transimiission rate( as well as the caleulated rate because of underestimnation of the vessel length. Since the diabetic sul)jects of this studyd had nio clinical evidlencc of atheroselerosis, we may conclude that their high values of pulse wave velocity were indicative of ani inicipienit process of diffuse atheroselerosis anid that the measur-ement of thcp)ulse wave velocity broughit this in evidence earlier than the classical siglns an(d svmiiptonis. Difficulties in establishing definiite proof of this hypothesis are obviouis. Serial neasurements of the pulse wave velocity in diabetic subjects are needed to establisl whether there is a high correhlition between ani inereased pulse wave velocitv and an earlv developmnent of atheroselerosis. This outline of investigation ha.s been advocated by Lax, Feinberg, and Cohen2' anid it is inI agreement ith Rushmer 's sggestions for investigating cardiovascular .fui,nctioni in health and in disease.22 Lax Feiinberg, and Collen21, 3 have showi alterations in the conltour of the pressure p)ulse Awave in individuals with clinical evilellee of atherosclerosis. They observedl simnilar changes in older persons, in hypertensive patienits, and in hiealtlhv suLbjects after the admlinistrationi of niorepiniephrine. These alterations in the contour of the pressure pulse wave usually inelude diminution or disappearance of the dicrotic wave. They suggested that this change wAas due to rigiditv of the vascular wall in the ease of aged indiv.iduals and atherosclerotic subjects and to an inerease(d vascular tone in the hypertensive patients alnd after administration of niorepineplhrine. In a subsequent publication, Lax and jects who had no clinical evidence of atherosclerosis and in "normal" subjects with no evidence of diabetes or atherosclerosis, but with family history of diabetes. Although we observed disappearance of the dicrotic wave in 12 of our diabetic subjects, it was not found as consistelntly as in the above-mentioned studies. In general, however, the amplitude of the dicrotic wave was smaller in the diabetic subject ( fig. 2 ).
Influence of the Duration of the Disease
The results of this study failed to indicate any positive correlation between the duration of the disease and the ilerease of the pulse wave velocity. Indeed, we have observed high pulse wave velocities in very young diabetic persons. It should be recognized, however, that the duration of the illness, as it was expressed in this study, may Circulation, Volume XXV, March 1962 equation of the values obtained in healthy not be a precise measuremelnt of the time at which the altered nmetabolic forces began to exert their influence. Furthermore, information was not available to us as to the degree of control that was obtained in these subjects under the variety of therapeutic regimens to which they had been subjected.
Students of diabetes have lolng debated the exact role that the control of carbohydrate A significant inerease in the piulse wave veloeilv wsas fornud in~tile diabetic subjects. This ilcleoase was not correlated with tlhe duilration of their illness as juidged from elinical hist-orv. It is verv likely tlhat tle higoh values of pulse w:tN ave velocity were indicative of an in, c;l)ienlt process of diffuse atherosclerosis an(l thiaft tlhe measurement of the puLlse vave yelocity brougliht this into evidence earlier than the classie signs a.nd syimp)toims. Serial ineasuremnents of the pulse wave velocity in diahietie subjects may permiit earlv detection of atherosclerosis in these patients.
